Aging is defined as a progressive time-related accumulation of changes responsible for or at least involved in the increased susceptibility to disease and death. The brain seems to be particularly sensitive to the aging process since the appearance of neurodegenerative diseases, including Alzheimer's disease, is exponential with the increasing age. Mitochondria were placed at the center of the 'free-radical theory of aging', because these paramount organelles are not only the main producers of energy in the cells, but also to main source of reactive oxygen species. Thus, in this review, we aim to look at brain aging processes from a mitochondrial point of view by asking: (i) What happens to brain mitochondrial bioenergetics and dynamics during aging? (ii) Why is the brain so sensitive to the age-related mitochondrial impairments? (iii) Is there a sex difference in the age-induced mitochondrial dysfunction? Understanding mitochondrial physiology in the context of brain aging may help identify therapeutic targets against neurodegeneration.
The aging process was defined by Harman as a 'progressive accumulation of changes with time that are associated with or responsible for the ever-increasing susceptibility to disease and death which accompanies advancing age' (Harman 1981) . Indeed, age is the main risk factor for prevalent diseases, including neurodegenerative disorders [reviewed in (Niccoli and Partridge 2012) ]. With the aging of populations, the number of persons affected by brain disorders will increase, as for example for Alzheimer's disease (AD) which prevalence is expected to double within the next 20 years (Prince et al. 2013) .
The brain is a high energy consuming organ that requires about 20% of body basal oxygen to fulfill its function. Thus, it is not surprising that disturbances in brain energy metabolisms lead to disease, ranging from subtle alterations in neuronal function to cell death and neurodegeneration. Cellular energy is mainly produced via oxidative phosphorylation (OXPHOS) taking place within mitochondria. These organelles are often compared to powerhouses, providing cellular energy under the form of ATP molecules. Mitochondria produce the energy required for almost all cellular processes, from cell survival and death, to the regulation of intracellular calcium homeostasis, synaptic plasticity and neurotransmitter synthesis (Mattson et al. 2008) . However, when mitochondria fulfill their physiological functions, they can also be compared to a double-edged sword that, on one hand, produces the energy necessary for cell survival, and on the other hand, induces the formation of reactive oxygen species (ROS) that can be harmful for cells when produced in excess with mitochondria as the first target of toxicity (see section: 'Mitochondria and the free radicals theory of aging').
Given the central role of mitochondria in energy metabolism as well as in the regulation of reductionoxidation (redox) homeostasis, the study of age-related mitochondrial impairments is becoming of growing interest in order to unravel the mechanism leading to either normal aging or to neurodegenerative disorders. Thus, in this review, we aim to give insights about the role of mitochondria in the aging process, in particular, what may make the brain so sensitive to mitochondrial impairments? We aim to reflect about the role of mitochondria in the aging process, with a specific focus on the brain. Starting from the 'mitochondrial theory of aging', we will discuss why the brain seems to be so sensitive to the age-related mitochondrial impairments. Finally, we will give insights about sex differences linked to mitochondrial function in aging.
Mitochondria and the free radicals theory of aging
The 'free-radicals theory of aging' was stated for the first time by Harman in 1956 (Harman 1956 , and postulates that aging, as well as age-associated degenerative diseases, is a consequence of free radicals attacks on cells and tissues. But how these 'harmful' molecules are they generated?
ROS derive mainly from the OXPHOS taking place within mitochondria. Indeed, the production of ATP by mitochondria requires about 85% of oxygen (O 2 ) consumed by cells. Mitochondrial complex IV reduces O 2 into H 2 O using electrons derived from NADH or FADH 2 driven in the respiratory chain. An inevitable byproduct of electron transport chain (ETC) activity is the formation of superoxide anion radicals (O 2˙À ), mostly by complexes I and III (Jezek and Hlavata 2005) (Fig. 1) .
In physiological conditions, ROS are involved in processes such as immune response, inflammation, as well as synaptic plasticity, learning and memory (Kishida and Klann 2007; Veal et al. 2007) . However, when produced in excess, those molecules can induce oxidative stress, damaging proteins and DNA, and inducing lipid peroxidation, with the corresponding mitochondrial structures as the first targets of toxicity. ONOO À can induce nitration of proteins and impair their function (Goldstein and Merenyi 2008) , and •NO has been shown to inhibit the mitochondrial complex IV activity by competitive binding on its oxygen site (Brown and Borutaite 2002) . Furthermore, since mitochondrial DNA (mtDNA) is localized close to free radical production sites, it is directly in contact with those molecules and can exhibit oxidative damages. Oxidative stress can trigger cell death and has been implicated in the pathogenesis of many neurodegenerative diseases, such as Alzheimer's disease (Keil et al. 2004; Leuner et al. 2012) .
To counteract these oxidative attacks, cells are endowed with robust antioxidant defenses, involving superoxide dismutase (SOD) and the glutathione (GSH) system (Fig. 1) . However, when an imbalance between free radical production and detoxification occurs, ROS production may overwhelm antioxidant defenses, leading to impairments of cellular function. This phenomenon is observed in many pathological cases involving mitochondrial dysfunction, as well as in aging (Grimm et al. 2016b) .
Redox homeostasis and mitochondrial bioenergetics in brain aging
A growing body of evidence highlights bioenergetic impairments as well as disturbances in the reduction-oxidation (redox) homeostasis in the brain with increasing age.
In human, postmortem investigation of different brain regions revealed a progressive age-related raise in protein nitration and oxidation, together with a decrease in SOD, catalase and GSH reductase activity, as well as complex I activity, mainly in the hippocampus and frontal cortex (postmortem brain samples from individuals between 0.01 and 80 years old) (Venkateshappa et al. 2012) . In line, in vivo monitoring of GSH content in the human brain from healthy subjects showed a gradual decrease in this antioxidant enzyme in old (AE 56 years) compared to young (AE 26 years) individuals (Mandal et al. 2012) . Interestingly, Peskind and coworkers showed a 10% increase in free radical injury in the brain of medically healthy and cognitively normal adults from age 45 to 71 years, using cerebrospinal fluid F2-isoprostane as biomarker (Peskind et al. 2014) . Besides, this age-related increase in brain oxidative stress was even greater in individuals with high body mass index and in smokers, highlighting the influence of lifestyle in the processes of aging. Similar data were obtained in different animal models. In a recent study performed in a nonhuman primate model (Rhesus monkeys Macaca mulatta), Pandya and colleagues provided evidence of a decreased mitochondrial bioenergetics (ATP synthesis capacity and pyruvate dehydrogenase activity) and calcium buffering in the putamen of old animals (20-25 years old) compared with young animals (6-8 years old) (Pandya et al. 2015) . These age-related mitochondrial impairments in the basal ganglia were correlated with reduced locomotor activity and movement speed in older animals.
In rats, an increase in oxidative DNA damages and peroxide generation, parallel to a decrease in mitochondrial membrane potential was observed in the brain and liver of old (27 months) when compared to young (4 months) animals (Sastre et al. 1998) . Interestingly, a treatment with Ginkgo biloba extract (EGb 761), known to have antioxidant properties, partially prevented these alterations, highlighting the role of oxidative stress in age-related mitochondrial impairments (Sastre et al. 1998) . Similarly, the analyses of 24-month-old rat brains revealed a decrease in manganese SOD (MnSOD) activity when compared to brains from 7-month-old animals (Navarro and Boveris 2004) . Again, this decrease was paralleled to a loss of mitochondrial complex I and IV activity.
In line with these findings, a shift to a pro-oxidized state was measured in the brain of old (21 months) compared with young (3 months old) mice, associated with a decrease in the GSH/GSSG ratio (reduced/oxidized glutathione) (Rebrin et al. 2007) . Remarkably, these alterations were mainly found in the cortex, hippocampus and striatum that are brain regions linked to age-related loss of cognitive function. Functional mitochondrial impairments were also evident in the brain of 24-month-old NMRI (Swiss-type) mice compared to 4 months old ones, with deficits in the activity of complex I, basal mitochondrial membrane potential as well as mitochondrial respiratory control ratio (RCR, indicator of mitochondrial coupling) (Leuner et al. 2007) . Of note, the decline in the RCR was particularly evident in the brain of female mice during reproductive senescence (Yao et al. 2010; Klosinski et al. 2015 ) (see section: 'Sex differences in age-induced mitochondrial dysfunction'). The opening of the mitochondrial permeability transition pore (mPTP), resulting in membrane depolarization and uncoupling of the OXPHOS, was also involved in the aging process (Toman and Fiskum 2011) . In a recent study comparing parameters of mPTP in the brain, the authors highlighted a decreased threshold Ca 2+ concentration to induce mPTP opening in mitochondria isolated from old (18 months) compared to young (3 months) rats (Krestinina et al. 2015) .
In order to study in more detail the mechanisms underlying age-related mitochondrial impairments, animal models were developed, including the senescence accelerated mice (SAM) strains. For instance, in SAMP8 mice (accelerated senescenceprone 8), a naturally occurring mouse line that displays a phenotype of accelerated aging, impairments in the brain antioxidant system were observed, such as a reduction in GSH level, in SOD activity (MnSOD and Cu/Zn-SOD) as well as catalase activity, compared to age-matched accelerated senescence-resistant 1 (SAMR1) mice (Kurokawa et al. 2001; Shi et al. 2010) . These failures of antioxidant defenses were again coupled with disturbances of the OXPHOS, translated by a decrease in complex I, complex IV and ATP synthase activity, leading to a reduction in ATP production (Xu et al. 2007; Shi et al. 2010) . More recently, Wang and collaborators showed similar results in SAMP10 mice (a substrain of the SAM) (Wang et al. 2015) . SOD activity was decreased already in 8-month-old mice, together with an increase in lipid peroxidation, which may contribute to the appearance of age-related impairments in learning and memory. Consistent with these findings, Nakahara and collaborators provided evidence of an age-related decrease in the RCR of mitochondria isolated from the liver of SAMP8 mice when compared to SAMR1 mice at the same age (Nakahara et al. 1998) . Indeed, in SAMP8 mice, RCR tended to decline at 12 months of age, and dramatically decreased at 18 months of age. OXPHOS alterations were also observed in the heart of 12-month-old SAMP8 mice when compared to agematched SAMR1 animals (Nakahara et al. 1998) . The authors suggested that at 18 months of age, the respiratory control values may be insufficient to maintain ATP levels necessary for keeping normal cell metabolism. In addition, Omata and collaborators showed age-related changes in cerebral energy production in the 2-month-old SAMP8 followed by a decrease in mitochondrial function compared with SAMR1 (Omata et al. 2001) .
Taken together, these findings emphasize that brain aging is marked by (i) a decrease in antioxidant defenses, (ii) an increased oxidative stress, and (iii) deficits in the mitochondrial OXPHOS system. Thus, we can speculate that the enhancement of ROS production may trigger a 'vicious cycle' of oxidative stress, leading to mitochondrial dysfunction and apoptosis. But one can ask the question whether increased ROS levels is a primary consequence of mitochondrial dysfunction or whether a primary defect in the free radical scavenging activity is responsible for an abnormal respiratory function. Besides, as mentioned above, mitochondria are not only the major producers of ROS, but they are also the main targets of ROS toxicity. Thus, the antioxidant system should be very efficient to prevent oxidative damages, especially in the paramount organ that is the brain.
Neuronal mitochondria: what makes our brain so special?
The brain is a remarkable organ composed by highly differentiated cells that populate different anatomical regions. Neurons are polarized cells with different morphology, according to their role and their localization. These post-mitotic and excitable cells have really high energy requirements: (i) to maintain their membrane potential allowing the propagation of electric signals, (ii) to reestablish the ion balance after the firing of action potential (e.g. via the Na + /K + ATPase activity), (iii) to trigger the release of neurotransmitters by fusion of vesicles to the plasma membrane, (iv) to allow the recapture of neurotransmitters from the synaptic cleft. Glucose oxidation is the most relevant source of energy in the brain, since other fuel sources, such as fatty acid oxidation, have an ATP generation rate too slow to sustain neuronal energy demands, and produce too much ROS that may cause oxidative stress [reviewed in (Schonfeld and Reiser 2013) ]. In consequence, neurons rely almost exclusively on the mitochondrial OXPHOS system to fulfill their energy needs supplied under the form of ATP.
Some studies aimed to compare mitochondrial properties in different organs, including the brain. For instance, mitochondria isolated from rat liver, kidney, brain and skeletal muscle showed significant and similar proton leak, but the phosphorylating systems appeared to be more active in the brain and the muscle (Rolfe et al. 1994) . Differences in the rat mitochondrial proteome were also observed when comparing the kidney, liver, heart, skeletal muscle, and brain (Reifschneider et al. 2006) . Moreover, each organ possesses different protein composition, especially in the expression of proteins involved in the OXPHOS system. Interestingly, ROS derived from mitochondria appear to be generated by distinct complexes according to the organ considered. Indeed, the Barja group reported that oxygen radicals are exclusively generated by the mitochondrial complex I in the brain (non-synaptic mitochondria), whereas they can be produced by both complex I and III in the heart (Barja 1999) . Surprisingly, no significant variations in free radical production were found when comparing young with old rodents. However, it appeared that animals (mammals and birds) with higher longevity displayed a lower rate of ROS production in the heart, brain, lung, kidney, and liver compared to short living ones, which is in agreement with the 'rate of living theory' (inverse relationship between longevity and metabolic rate) [reviewed in (Barja 1999)] .
It is important to note that neurons are post-mitotic cells with a life span similar to that of the whole organism (Terman et al. 2010) . Unlike in other organs, such as the skin or the liver, damaged neurons are not (or rarely) replaced during life, stressing the importance of protecting systems, including antioxidant defenses, to maintain neuronal integrity and survival. Post-mitotic cells, such as neurons, seem to be more sensitive to the accumulation of oxidative damages compared to dividing cells, and are more prone to accumulating defective mitochondria during aging (Kowald and Kirkwood 2000; Terman et al. 2010) .
In addition, to bring a higher degree of complexity, neurons are exceedingly compartmentalized, comprising structures like: cell body, axon, dendrites, and even more specific compartments that are the synapses. Consequently, a proper mitochondrial distribution is paramount to sustaining the energy requirement at specific locations within the different neuronal compartments (Obashi and Okabe 2013; Lin and Sheng 2015; Pernas and Scorrano 2016) . Thus, it is not so surprising that synaptic mitochondria, which need to sustain the energy required for synaptic activity, present functional differences when compared to non-synaptic mitochondria. Indeed, peroxide production was found higher in synaptic mitochondria of rats, compared to non-synaptic ones (Borras et al. 2003 . Interestingly, aging seems to accentuate the differences between these two populations of mitochondria. In 14-month-old rats, state 3 respiration was significantly decreased only in synaptic mitochondria, when compared with 3-month-old rats (Lores-Arnaiz and Bustamante 2011). Besides, a higher susceptibility to calcium insult was observed only in synaptic mitochondria of old animals. In non-synaptic mitochondria, oxygen consumption was not significantly affected by aging, and both populations of mitochondria generated higher levels of peroxide in 14-month-old animals compared to young animals. Similar data were obtained in mice where basal respiration as well as respiration driving proton leak were significantly decreased in synaptosomes from old mice (17 months) compared with young mice (3 months) (Lores-Arnaiz et al. 2016) . No differences were observed in non-synaptic mitochondria. Again, only synaptosomal mitochondria were susceptible to undergoing calcium-induced depolarization in old animals.
Taken together, these findings suggest that mitochondria located at the nerve terminals are more sensitive to agerelated dysfunction and oxidative damage compared with non-synaptic mitochondria. Again, this emphasizes the importance of proper distribution of mitochondria to sustaining the spatial and temporal demand of energy in neurons, which differs within the axons and synapses compared to dendrites and cell body but also to maintaining synaptic plasticity in the adult brain (Amadoro et al. 2014; Lin and Sheng 2015; Todorova and Blokland 2016) . Thus, the accumulation of mitochondrial dysfunctions (such as mtDNA mutations, increased oxidative stress) coupled with defects in mitochondrial transport/distribution may play a prominent role in the appearance of age-related diseases with synaptic/neuronal degeneration. To preserve the cells against this scenario, mitochondria possess an endogenous quality control allowing the mixing of mitochondrial content (mitochondrial dynamics), as well as the degradation of defective organelles (mitophagy).
Age-related mitochondrial defects and the importance of mitochondrial dynamics in aging
Mitochondrial fusion/fission and mitophagy Mitochondria possess a residual genome (approximately 16 kilobase) coding for 13 proteins essential for mitochondrial respiratory chain function, which make them unique organelles carrying autonomous DNA (Friedman and Nunnari 2014 ). It appears that the quality control of mtDNA replication is not as efficient as nuclear DNA (nDNA), resulting in an increased risk of mtDNA mutations (DeBalsi et al. 2016) . Fortunately, to avoid the accumulation of such mutations, mitochondria are remarkably dynamic organelles that divide and fuse in order to maintain a homogenous mitochondrial population by content mixing (mtDNA, metabolites, and proteins), quality control and distribution of mitochondria within the cell (Chan 2012) .
Mitochondrial fission is one of two opposing mechanisms regulating mitochondrial dynamics. This process enables the renewal, redistribution and proliferation of mitochondria. It involves evolutionary conserved dynamin-related GTPases, such as the dynamin-related protein 1 (Drp1), master mediator of the fission, as well as fission protein 1 (Fig. 2) (Pernas and Scorrano 2016) . The activity of DRP1 is highly regulated by post-translational modifications, namely by phosphorylation/ dephosphorylation involving enzymes such as for example the calcium/calmodulin-dependent protein kinase 1a, protein kinase A or Ca 2+ calcineurin (Campello and Scorrano 2010) . The inactive form of DRP1 is dispersed in the cytosol and the activation by dephosphorylation is required to target mitochondrial membrane. Deletions or mutations in genes coding for Drp1 and fission protein 1 result in aberrant mitochondria morphology (hyperfused network), heterogeneous population of mitochondria with non-uniform mtDNA distribution, varied ability to produce ATP, increased capacity to generate reactive oxygen species and increased susceptibility of cells to undergoing apoptosis (Knott et al. 2008; Oettinghaus et al. 2016) .
The mechanism counteracting the fission is the mitochondrial fusion. This allows mitochondria to interact and communicate with each other, and facilitates mitochondrial movement and distribution across long distances (Chan 2006) . Fusion events are particularly important for the enrichment of mtDNA via dilution of mutations. This two-step process also requires the action of two evolutionarily distinct dynaminrelated GTPases (Fig. 2) . The fusion of mitochondrial outer membranes is controlled by mitofusin 1 and 2 (Mfn1/2), whereas optic atrophy 1 (Opa1) controls inner membrane fusion (Campello and Scorrano 2010; Friedman and Nunnari 2014) . Mitochondrial fusion is essential to maintaining a homogeneous mitochondrial population and ensures intercomplementation of mtDNA (Chan 2006) . Mutations in Mfn2 or Opa1 cause the autosomal dominant peripheral neuropathy, Charcot Marie-Tooth disease 2A, and autosomal dominant optic atrophy respectively, and result in an extensive fragmentation of the mitochondrial network (Knott et al. 2008; Carelli et al. 2015) .
Fusion/fission activity is also integrated with mitochondrial quality control pathways allowing the detection and removal of aged or damaged mitochondria through a specific form of autophagy, termed mitophagy (Fig. 2) (Twig and Shirihai 2011; Youle and Narendra 2011; Haroon and Vermulst 2016) . The exact mechanism underlying mitophagy, more specifically what triggers mitophagy, remains to be elucidated in more detail. It has been proposed that damaged mitochondria present a decreased mitochondrial membrane potential [reviewed in (Twig and Shirihai 2011)] . Uncoupled mitochondria accumulates the protein PTENinduced putative kinase 1 at the surface of the mitochondrial outer membrane (Twig et al. 2008; Youle and Narendra 2011) recruiting the E3 ubiquitin ligase parkin specifically to the damaged mitochondrion (Fig. 2) . Then, parkin ubiquitylates mitochondrial proteins leading to the formation of an autophagosomes and the digestion of the mitochondrion. This process mediates mitochondrial quality control.
In summary, when mitochondria fuse, they mix their membranes, matrix and inter-membrane space, including all their content (lipids, proteins, metabolites and mtDNA) (Fig. 2) . After this mixing, mitochondria can divide, sharing equally their new content between two daughter organelles. When a damaged mitochondrion is detected, it is eliminated from the fusion/fission cycle by mitophagy, guaranteeing a homogenous and healthy mitochondrial population. Thus, it is not surprising that defects in mitochondrial dynamics and mitochondrial quality control system may lead to cellular impairments, and was proposed to be involved in the process of aging and neurodegeneration (Knott et al. 2008; Chauhan et al. 2014) .
Implication of mitochondrial dynamics in aging
DeBalsi and collaborators recently highlighted in a review that defects in the mtDNA replication machinery result in the accumulation of mutations, leading to decreased ETC. activity and impaired mitochondrial respiration (DeBalsi et al. 2016) . In addition, mounting evidence presents the accumulation of mtDNA mutations over time as a central mechanism driving to aging and age-related diseases (Kujoth et al. 2005; Santos et al. 2013; Aon et al. 2016; DeBalsi et al. 2016; Kauppila et al. 2016; Scheibye-Knudsen 2016) . Of note, complex I is particularly susceptible to the aging process because the mtDNA encodes 7 of the 13 subunits building this mitochondrial complex (Paradies et al. 2010) . Mutations in these genes often lead to diseases with varying phenotypes and severity depending on the mutational load (Nunnari and Suomalainen 2012) .
In order to examine into more details the possible causative effects of the age-related accumulation of mtDNA mutations, a mouse model was developed, expressing a proof-reading-deficient version of the nucleus-encoded catalytic subunit of mtDNA polymerase (Zhang et al. 2000; Trifunovic et al. 2004) . These 'mtDNA mutator mice' Fig. 2 Schematic mechanisms of mitochondrial fusion, fission and mitophagy. Mitochondria cyclically shift between elongated (tubular) and fragmented state. The localization, as well as some interactions and modifications of the principal proteins involved in the two processes are shown. Once dephosphorylated, DRP1 (dynamin-related protein 1) is recruited to the outer membrane by FIS1 (fission protein 1). The oligomerization of DRP1 is followed by constriction of the membrane and mitochondrial fission. Following the fission event, the mitochondrion can either be transported, or enter in fusion again. The pro-fusion proteins mitofusin 1 and 2 (MFN1/2) on the outer membrane and optic atrophy 1 (OPA1) on the inner membrane) oligomerize to induce fusion of the membranes. Defective mitochondrion accumulates PINK1 kinase (PTEN-induced putative kinase 1), recruiting the E3 ubiquitin ligase parkin, which ubiquitylates mitochondrial proteins and triggers mitophagy. The potential effects of aging on mitochondrial dynamics are marked by *. CAMK1a; Ca present significant increases (3-5 fold) in the levels of point mutations, as well as increased amounts of deleted mtDNA, associated with reduced lifespan and premature onset of ageing-related phenotypes (weight loss, reduced subcutaneous fat, alopecia, osteoporosis, reduced fertility, and heart enlargement). The study of mitochondrial OXPHOS revealed severe respiratory chain dysfunction in embryonic fibroblasts from mtDNA mutator mice, but, interestingly, no increase in ROS production or oxidative damages in peripheral tissues (liver and heart) (Trifunovic et al. 2005) . Deeper investigations were performed to assess whether mtDNA mutations or deletions were the driving force of the progeroid phenotype, especially in the brain. For instance, the analyses of the brain mitochondrial transcriptome and proteome of mtDNA mutator mice revealed that mitochondrial respiratory chain proteins (also those encoded in the nucleus) were specifically decreased in abundance in the brains, but, surprisingly, no significant changes were observed in mRNA expression (Hauser et al. 2014) . These data suggested that changes in the mitochondrial proteome occurred at the post-translational level. Thus, the characterization of mutator mice provided a causative link between mtDNA mutation/deletion and ageing phenotypes in mammals, but the underlying mechanisms remain unclear, and further investigations need to be performed, especially to understand the role of the agerelated accumulation of mtDNA in brain aging.
Mitochondrial dynamics seem to be a protective factor safeguarding mitochondria integrity in the face of mtDNA mutations. Indeed, on one hand, it was shown in the skeletal muscle that the absence of fusion, as a result of the ablation of Mfn1 and Mfn2, leads to the accumulation of point mutations and deletions in the mitochondrial genome, coupled with severe mitochondrial dysfunction and muscle atrophy (Chen et al. 2010) . On the other hand, absence of fusion, because of Drp1 ablation in neurons of the adult mouse forebrain, causes alterations in mitochondrial morphology and transport to the synapse, together with a decrease in oxygen consumption and ATP production (Oettinghaus et al. 2016) . Moreover, the loss of Drp1 affected synaptic transmission and memory function, demonstrating the critical role of mitochondrial fusion/ fission activity in brain function. In line with these recent findings, in postmitotic Purkinje cells, Drp1 deletion results in mitochondrial swelling, impaired ETC. activity (including complex I and IV activity), increased oxidative damages, ubiquitination of mitochondria, accumulation of autophagy markers, leading to neurodegeneration in the cerebellum (Kageyama et al. 2012) . Interestingly, the treatment of Drp1 KO cells with antioxidants (N-acetylcysteine and MitoQ) was able to reduce mitochondrial swelling and cell death. Altogether, these data suggest that mitochondrial fission plays a paramount role in neuronal survival by acting as a quality control mechanism, suppressing oxidative damages.
As mentioned above, the aging process is associated with an increase in brain oxidative stress that may induce an accumulation of mtDNA mutations. Thus, efficient mitochondrial dynamics appears to be crucial in order to maintain a healthy organelle population. And when this protective system is impaired during aging, this may lead to pathological conditions (Chauhan et al. 2014) . Strikingly, only few studies were focused on mitochondrial fusion/fission activity in the brain during aging. Using a proteomic approach, Stauch and colleagues investigated the age-related changes in the expression of proteins in mice synaptosomal mitochondria (Stauch et al. 2014) . They showed alterations in the expression of fusion/fission proteins, namely an increase in Drp1 expression between 5 and 12 months of age, and a decrease from 12 to 24 months. In parallel, Mfn1/2 and Opa1 decreased from 5 to 12 months and increased from 12 to 24 months. Altogether, these data suggested that synaptosomal mitochondria were shifted to a pro-fusion state in aged animals.
Interestingly, in a study investigating the longevity of a specific rat strain (long-living Fischer 344 9 Brown Norway strain), a doubling of Drp1 and Mfn2 protein level was observed in the liver of 32-month-old animals (AL-32) compared to 28 months old (AL-28) (Picca et al. 2016) . Moreover, a positive correlation between the fusion index and the mtDNA content was observed in some of these animals, suggesting that in aged animals: (i) the prevalence of fusion might ensure a stable mtDNA content and mitochondrial network, (ii) functional mitochondrial dynamics may explain the longevity of the AL-32 rats. These data need to be confirmed with a higher animal number (in this pilot study, only five animals were investigated per group).
As part of the mitochondrial quality control system, mitophagy plays an important role in removing damaged mitochondria from the cells (Fig. 2) . Diot and collaborators recently showed an age-related decline in mitophagy in skin fibroblasts of healthy donors (0-81 years old) (Diot et al. 2015) . Impaired mitophagy may contribute to the decline of mitochondria function leading to the aging phenotype (reviewed in (Diot et al. 2016) ). Although mounting evidence highlighted the implication of mitophagy in neurodegenerative diseases, especially in familial forms of Parkinson's disease [reviewed in (Batlevi and La Spada 2011) ], its exact role in the regulation of neural function and neurodegeneration remains unknown in the context of brain aging. In a study performed on Drosophila, ubiquitous or neuron-specific up-regulation of the E3 ubiquitin ligase parkin (see (Fig. 2) ) induced: (i) an increased lifespan in flies, (ii) reduced levels of protein aggregation during aging, and (iii) a modulated mitochondrial activity (citrate synthase and complex I activity) and dynamics (reduces mitofusin levels in young and aged flies) (Rana et al. 2013) . Thus, these findings provided new insights into the mechanisms regulating mitophagy in brain aging and suggested that parkin protein may play a key role in this process. Of note, increased mitophagy was observed in skeletal muscle as well as in erythroid cells from mtDNA mutator mice, but this was not sufficient to protect mitochondria from the massive mtDNA damage Li-Harms et al. 2015; Diot et al. 2016) . Interestingly, these mice presented an increase in mitochondrial biogenesis regulator peroxisome proliferator-activated receptor gamma coactivator-1a (PGC1a) and its target proteins, mitochondrial transcription factor A (TFAM) and nuclear respiratory factor 1 in the muscle , which might be a compensatory mechanism to counteract the increase in mitophagy.
Indeed, mitochondrial biogenesis is the process by which cells increase their individual mitochondrial mass in order to increase their energy production. This process is of utmost importance for cells like neurons having high requirement, and it is again not surprising that defects in biogenesis lead to neuronal impairments and neurodegeneration (Onyango et al. 2010) . Evidence of an age-related decrease in mitochondrial biogenesis has previously been reported, but the precise reason for this decrease remains elusive (LopezLluch et al. 2008; Onyango et al. 2010; Wenz 2011 ). As mentioned above, PGC-1a plays a central role in biogenesis, especially in the brain where it participates to the maintenance of normal neuronal function as well as to the regulation of oxidative stress response (Wenz 2011) . PGC1a was involved in the pathogenesis of neurodegenerative diseases, such as Huntington's or Parkinson's disease, but, to our knowledge, clear evidence of the regulation of this protein in the context of normal brain aging is still missing. Nevertheless, in a study comparing mitochondrial biogenesis in the frontal cortex from rats, authors showed a 25% loss in mtDNA content in aged (26-month-old) when compared to young (6-month-old) animals, paralleled by a 35% increase in the mtDNA deletion content . Surprisingly, the level of TFAM, a target of PGC-1a, presented an increase in 70% in the cortex of old rats, which did not correlate with the decrease in mtDNA content. However, a strong decrease in TFAM-bound mtDNA (60-70%) was measured in aged animals that may be because of the mtDNA deletion observed with aging. These data indicate that impairments in mitochondrial biogenesis during aging may, at least in part, be as a result of the age-related increase in mtDNA deletion leading to a decreased ability to replicate mtDNA and to generate new mitochondria. Further investigation is required to test this hypothesis and to unravel the underlying mechanisms.
Taken together, these findings suggest that mitochondrial dynamics, mitophagy and biogenesis are impaired with increasing age. Since these deficits were involved in the pathogenesis of neurodegenerative disorders, including Alzheimer's, Parkinson's and Huntington's disease (Itoh et al. 2013) , deeper investigations need to be done in the brain in order to dissect into more details the molecular machinery leading either to 'normal' healthy aging, or, on the contrary, to pathological aging.
Sex differences in age-induced mitochondrial dysfunction
Since epidemiological studies have revealed sex differences in several neural pathologies, taking into account this parameter is becoming of great importance in the study of brain physiology, especially regarding age-related mitochondrial dysfunction. Indeed, sexual dimorphism can be observed at different levels, from neuronal circuits to the concentration of neuroactive steroids in the central nervous system [reviewed in (Panzica and Melcangi 2016) ]. Besides, increasing evidence showed that age-dependent changes in brain bioenergetics and redox homeostasis are also subjected to sex differences Grimm et al. 2016c; Zhao et al. 2016) .
At the gene level, a study performed on 55 cognitively intact individuals (aged 20-99 years) revealed predominant age-related changes in the male brain, in particular a downregulation of genes involved in ETC, OXPHOS, ribonucleotide metabolism, ATP metabolism/biosynthesis, and mitochondrial transport (Berchtold et al. 2008) . This suggested that males present a decreased capacity for energy production with increasing age. Similar data were obtained when comparing young/old and female/male individuals, where age and/or sex related differences were detected in the expression of genes involved in mitochondrial function, including mitochondrial dynamics, and mitophagy (Guebel and Torres 2016) .
Regarding the redox homeostasis, in vivo monitoring of GSH content in the human brain provided evidence of higher levels in young females (AE 26 years old) in the frontal and parietal cortex compared to young men (Mandal et al. 2012) , with a gradual decrease with aging, as observed in the brain of older females (AE 56 years old). Of note, women appear to be better armed to fight against oxidative stress before menopause by having higher antioxidant defenses compared to men [reviewed in ].
These features can also be observed in animals. Indeed, brain mitochondria from young female rats (4-6 months) exhibited lower peroxide production compared with males at the same age (Borras et al. 2003) . Interestingly, after ovariectomy, mitochondrial peroxide levels were similar in males and females. This phenomenon was reversed by a treatment with estradiol, the most abundant estrogen in females, highlighting a protective effect of this steroid against oxidative stress. In line with these data, increased levels of lipid peroxidation, coupled with a decrease in the mitochondrial respiratory control ratio (RCR), pyruvate dehydrogenase as well as cytochrome c oxidase (COX) activity, were observed in the brain of 6-month-old ovariectomy mice compared to sham operated animals (Yao et al. 2012) . Again, a treatment with estradiol was able to prevent these disturbances in the brain energy metabolism. Of note, estradiol was not only efficient in females in reducing brain ROS production but also in gonadectomized males by increasing MnSOD activity (Razmara et al. 2007) . Interestingly, Guevara and co-workers showed that female rats were less affected by the age-related changes in brain mitochondrial oxidative status compared with males, in part because of higher antioxidant capacity (GPx activity) and respiration (COX and ATPase activities) (Guevara et al. 2009 (Guevara et al. , 2011a . However, in SAMR1 mice, sex differences in brain oxidative stress are visible only in young animals (5 months old) and disappeared with aging (in 10 months old male and females) (Escames et al. 2013) . These findings suggest that young females are protected against oxidative stress and bioenergetic deficits, and that this protection is lost during aging.
Interestingly, in a study investigating the effects of aging on mitochondrial function in the brain of female mice, Roberta Brinton group showed that reproductive senescence was paralleled by a significant decline in mitochondrial RCR, especially between 9 and 12 months of age (Yao et al. 2010) . Within the same time window, pyruvate dehydrogenase and COX activity were significantly decreased while oxidative stress increased. Further investigation of female mouse brains revealed an activation of the fatty acid metabolism machinery during reproductive senescence, coupled with a rise of brain ketone bodies as well as myelin degeneration (Yao et al. 2010; Klosinski et al. 2015) . The authors suggested that the catabolism of myelin lipids to generate ketone bodies during female brain aging may constitute an adaptive system to sustain energy demand in response to mitochondrial dysfunction. A better understanding of the underlying mechanisms would help identify an optimal window of opportunity to prevent or delay agerelated bioenergetic deficits in females that may initiate neurodegenerative diseases, such as AD.
Since female reproductive aging is marked by a drop in the circulating levels of estradiol, one can suggest that this sex hormone exerts a protective effect, especially on mitochondrial function (reviewed in (Grimm et al. 2012 (Grimm et al. , 2016c . Indeed, estradiol was shown to: (i) increase glucose metabolism by regulating the expression of genes involved in glucose transport, glycolysis and tricarboxylic acid cycle, (ii) up-regulate genes encoding for components of the mitochondrial ETC. including complex I, cytochrome c oxidase (complex IV), and the F1 subunit of ATP synthase, (iii) up-regulate anti-oxidant defenses, such as MnSOD and GSH levels, (iv) modulate the redox state of cells by acting on several signaling pathways, such as mitogen activated Fig. 3 Model of the influence of mitochondrial function on brain aging. Increased oxidative stress is a characteristic of brain aging with an increase in reactive oxygen species (ROS) production and/or defects in the antioxidant system. Mitochondrial dynamics protect the cells (especially highly differentiated cells such as neurons) against the accumulation of mitochondrial mutations. When the system is in balance, this leads to normal aging. However, when a pathological threshold is passed (dashed line), impaired mitochondrial dynamics may lead to the accumulation of defective organelle, triggering a cascade of event inducing neurodegeneration. The fact that neurons are post-mitotic compartmentalized cells, as well as gender differences, brings additional points of complexity to the system. ETC.; electron transport chain, mtDNA; mitochondrial DNA. protein kinase, G protein regulated signaling, NFjB, c-fos, CREB (cAMP response element-binding protein), phosphatidylinositol-3-kinase, PKC (protein kinase C) and Ca 2+ influx. On the basis of this complex mode of action, estradiol is able to decrease oxidative stress markers, including lipid peroxidation, protein oxidation and DNA damage, and can also regulate mitochondrial respiratory function. These effects of estrogen are mainly mediated by nuclear estrogen receptors (ERa and b), stimulating the expression of genes by binding to the estrogen response elements in the nucleus (Klinge et al. 2004) . It is very interesting to note that ERs are not only found in the nucleus but also within mitochondria where they modulate the expression of genes coded by the mtDNA. Mitochondrial ERa and b were found in different brain regions in female rats, namely the cortex, hippocampus and hypothalamus, and no differences were detected between young (3 months) and aged (18 months) animals (AlvarezDelgado et al. 2010). Thus, given the regulatory role that plays estradiol in mitochondrial function, the age-related loss of this protective sex steroid (namely after the menopause in human) may constitute a risk factor leading to mitochondrial impairments and to the genesis of neurodegenerative disorders (Grimm et al. 2012 (Grimm et al. , 2016c Velarde 2014) .
Estradiol may not be the only steroid involved in neuroprotection. Gaignard and collaborators also showed that the levels of other steroids, pregnenolone and progesterone, are higher in the brain of young females (3 months old) compared to age-matched males and decreased with aging (Gaignard et al. 2015) . This may also contribute to the sex differences observed in brain mitochondrial function. Of note, steroids can also be synthesized locally within the nervous system (independently of peripheral steroidogenic glands) where they are called 'neurosteroids' (Corpechot et al. 1981) . Alteration in brain steroid levels were observed during aging (Caruso et al. 2013) , and sex differences in the level of these neuroactive steroids have been documented [reviewed in (Melcangi et al. 2015) ]. To gain insights into the effects of neurosteroids on mitochondria function, we recently showed that estrogens (estradiol and estrone), androgens (testosterone and 3a-androstanediol), as well as dehydroepiandrosterone and allopregnanolone, are able to improve bioenergetics and antioxidant defenses in vitro (in SH-SY5Y neuroblastoma cells and in primary neuronal cultures) by increasing ATP levels, mitochondrial membrane potential, basal respiration, and MnSOD activity (Grimm et al. 2014) . Besides, a treatment with sex hormone-related neurosteroids (progesterone, estrogens and androgens) as well as allopregnanolone was efficient to reduce bioenergetic impairments observed in cellular models of AD, indicating that neurosteroids represent attractive tools to counteract mitochondrial deficits in this neuropathology (Grimm et al. 2016a; Lejri et al. 2016) .
Thus, sexual dimorphism can be observed in brain mitochondria that may be explained by the difference in sex hormones between male and females. Given the importance of sex in the development of neurodegenerative diseases (Rettberg et al. 2016; Zhao et al. 2016; Pike 2017) , this important variable should be taken into account in further studies in order to understand the complex relationship between aging, mitochondria and sex hormones.
Conclusions
In this review, we aimed to look at brain aging processes from a mitochondrial point of view (Fig. 3) , and we showed that:
• Mitochondria are at the center of the free radicals theory of aging by being a source and target of ROS. The agerelated increase in brain oxidative stress may lead to protein, lipid as well as DNA oxidation, which in turn affects mitochondrial function. When a pathological threshold is passed, this may trigger cell death by apoptosis (Fig. 1); • Mitochondrial dynamics play an important role in maintaining a healthy organelle population (Fig. 2) . Impairments in this quality control system may lead to the accumulation of defective mitochondria, as well as inefficient mitochondrial transport and distribution, again leading to synaptic and neuronal degeneration;
• Neurons are particularly vulnerable to oxidative insults and mitochondrial dysfunction given that they are postmitotic differentiated cells relying almost exclusively on the OXPHOS system to sustain their high energy needs. Besides, distinct mitochondrial populations can be observed in different neuronal compartments (e.g., synaptic vs. non-synaptic), highlighting the importance of proper mitochondrial distribution in these highly compartmentalized cells;
• A sexual dimorphism (not systematically investigated in aging studies) can be observed in brain mitochondrial function and may explain sex differences in the physiopathology of neurodegenerative disorders Of course, this picture is even more complex. ROS were also shown to extend longevity by acting as a signaling molecule, according to the concept of 'mitohormesis' , which states that mild mitochondrial stress would protect the cells against subsequent perturbations [reviewed in (Hekimi et al. 2016; Yun and Finkel 2014) ]. Besides, mitochondria are not isolated semiautonomous organelles in the cells, but they are in physical contact with the endoplasmic reticulum via the mitochondrial-associated ER membranes (Marchi et al. 2014) . This interaction plays an important role in the regulation of intracellular calcium homeostasis, and appears to be also impaired in aging (Calvo-Rodriguez et al. 2016) . Finally, there is a growing interest in studying mitochondrianucleus signaling because: (i) on the one hand, mitochondria stress was shown to activate cytosolic signaling pathways regulating nuclear gene expression, and (ii) on the other hand, DNA damage signaling was shown to regulate mitophagy and apoptosis [reviewed in (Fang et al. 2016) ].
Thus, further investigation needs to be done to unravel the underlying mechanism leading either to normal aging or on the contrary to neurodegenerative disease. A better understanding of mitochondrial physiology in the context of brain aging may help to identify therapeutic targets against neurodegeneration.
